O. Calcineurin activity augments cAMP/PKA-dependent activation of V-ATPase in blowfly salivary glands. Am J Physiol Cell Physiol 298: C1047-C1056, 2010. First published February 17, 2010 doi:10.1152/ajpcell.00328.2009We have examined the role of the Ca 2ϩ -dependent protein phosphatase 2B (calcineurin) in the regulation of the vacuolar H ϩ -ATPase (V-ATPase) in blowfly salivary glands. In response to the neurohormone serotonin [5-hydroxytryptamine (5-HT)] and under the mediation of the cAMP/PKA signaling pathway, the secretory cells assemble and activate VATPase molecules at the apical membrane. We demonstrate that the inhibition of calcineurin activity by cyclosporin A, by FK-506, or by prevention of the elevation of Ca 2ϩ diminishes the 5-HT-induced assembly and activation of V-ATPase. The effect of calcineurin on V-ATPase is mediated by the cAMP/PKA signaling pathway, with calcineurin acting upstream of PKA, because 1) cyclosporin A does not influence the 8-(4-chlorophenylthio)adenosine-3=,5=-cyclic monophosphate (8-CPT-cAMP)-induced activation of V-ATPase, and 2) the 5-HT-induced rise in cAMP is highly reduced in the presence of cyclosporin A. Moreover, a Ca 2ϩ rise evoked by the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA) inhibitor cyclopiazonic acid leads to an increase in intracellular cAMP concentration and a calcineurin-mediated PKA-dependent activation of V-ATPase. We propose that calcineurin activity mediates cross talk between the inositol 1,4,5-trisphosphate/Ca 2ϩ and the cAMP/PKA signaling pathways, thereby augmenting the 5-HT-induced rise in cAMP and thus the cAMP/PKA-mediated activation of V-ATPase. regulation; adenylyl cyclase; signaling pathway VACUOLAR-TYPE H ϩ -ATPases (V-ATPases) are expressed in all eukaryotic cells and are located in endomembrane systems and in the plasma membrane (7, 15, 43) . V-ATPases are multisubunit heteromeric complexes that are organized into two domains, termed V 1 and V O . V 1 resides on the cytoplasmic side of the membrane and contains the sites of ATP hydrolysis, whereas the membrane-bound V O complex transports protons across the membrane. H ϩ transport and/or the electrochemical H ϩ gradient that is activated and/or established and maintained by this electrogenic proton pump is utilized for a variety of physiological processes, including cellular pH homeostasis, extracellular acidification, osmoregulation, activation of acid hydrolases in lysosomes and endosomes, intracellular protein trafficking, and coupled transport of small molecules, e.g., neurotransmitters (18, 30, 40) .
VACUOLAR-TYPE H
ϩ -ATPases (V-ATPases) are expressed in all eukaryotic cells and are located in endomembrane systems and in the plasma membrane (7, 15, 43) . V-ATPases are multisubunit heteromeric complexes that are organized into two domains, termed V 1 and V O . V 1 resides on the cytoplasmic side of the membrane and contains the sites of ATP hydrolysis, whereas the membrane-bound V O complex transports protons across the membrane. H ϩ transport and/or the electrochemical H ϩ gradient that is activated and/or established and maintained by this electrogenic proton pump is utilized for a variety of physiological processes, including cellular pH homeostasis, extracellular acidification, osmoregulation, activation of acid hydrolases in lysosomes and endosomes, intracellular protein trafficking, and coupled transport of small molecules, e.g., neurotransmitters (18, 30, 40) .
V-ATPases consume a considerable amount of energy in some cell types. For example, V-ATPase in midgut epithelial cells consumes 10% of the total ATP in larvae of the tobacco hornworm Manduca sexta (49) . The regulation of V-ATPase activity and its adaptation to the temporary physiological needs of the cells is thus beneficial. Several regulatory mechanisms have been identified, including the shuttling of V-ATPase molecules between an intracellular vesicular pool and the plasma membrane (3, 31) and the reversible dissociation of active holoenzymes into inactive V O and V 1 complexes (25, 44) . Both regulatory mechanisms seem to be directed by the cAMP/protein kinase A (PKA) signaling pathway. In the mammalian epididymis, V-ATPase in the apical membrane acidifies the tubule lumen, thus supporting sperm maturation (10) . In this system, alkaline luminal pH triggers the activation of a soluble adenylyl cyclase (AC) within the epithelial cells (31) . The resulting rise in the cAMP concentration induces, in a PKA-dependent manner, the integration of additional VATPase molecules from a vesicular pool into the apical membrane (32) . In blowfly salivary glands, the neurohormone serotonin (5-hydroxytryptamine; 5-HT) elicits the assembly of V-ATPase holoenzymes at the apical membrane (57) . The electrochemical gradient established by this proton pump is then used for driving secondary ion transport mechanisms, resulting in the production of KCl-rich saliva. In this system, the activation of 5-HT receptors on the basolateral membrane domain leads to the production of cAMP (23) , the activation of PKA, and the phosphorylation of V 1 component subunit C (36, 45) . The last-mentioned event is thought to serve as a trigger for the recruitment of the V 1 domain to the apical membrane and the assembly of active V-ATPase holoenzymes. Remarkably, the glucose-dependent assembly of V-ATPase in yeast is also regulated via the cAMP/PKA pathway, suggesting that this mechanism is widespread (9) .
Since the activation of V-ATPase is regulated by phosphorylation, V-ATPase inactivation might involve a dephosphorylation step. On the basis of this hypothesis, we have sought the respective Ser/Thr protein phosphatase(s) in blowfly salivary glands and have obtained evidence that a protein phosphatase 2C is involved in this task (46) . During these experiments, however, we have made the unexpected and puzzling observation that the inhibition of protein phosphatase 2B, also called calcineurin, reduces or abolishes the 5-HT-induced V-ATPase activity, indicating that this protein phosphatase is involved in the activation rather than in the inactivation of V-ATPase. Calcineurin is a heterodimer of the catalytic calcineurin A and the regulatory calcineurin B subunits. Both subunits are highly conserved from yeast to human and are broadly distributed (22, 38) . Calcineurin is controlled by Ca 2ϩ /calmodulin, has various substrate proteins, and thus connects intracellular Ca 2ϩ signals to a variety of cellular responses (38, 41) .
In this study, we have determined the role of the Ca 2ϩ / calcineurin signaling system in the regulation of the V-ATPase. Our results confirm that Ca 2ϩ /calcineurin is involved in VATPase activation. However, Ca 2ϩ /calcineurin does not act directly on V-ATPase but serves as an effective mediator between the inositol 1,4,5-trisphosphate (InsP 3 )/Ca 2ϩ -and cAMP-signaling pathways and affects the latter by augmenting the cAMP level.
MATERIALS AND METHODS
Animals and preparation. Blowflies (Calliphora vicina) were reared at our Institute. One to four weeks after eclosion, the animals were dissected in physiological saline (128 mM NaCl, 10 mM KCl, 2 mM MgCl 2, 2 mM CaCl2, 2.7 mM sodium glutamate, 2.7 mM malic acid, 10 mM D-glucose, 10 mM Tris·HCl, pH 7.2) to obtain the abdominal portions of salivary glands. In experiments without extracellular Ca 2ϩ (0-Ca), the physiological saline contained no CaCl2, but 4 mM MgCl2.
Reagents. Antisera against the following proteins were used: bovine V-ATPase subunit A (37), Culex quinquefasciatus V-ATPase subunit B (17) , and Manduca sexta V-ATPase subunit a, subunit d, and subunit C (29) . These antisera have been previously shown to cross-react with the corresponding V-ATPase subunits in blowfly (45, 57) . Polyclonal rabbit antiserum against recombinant human calcineurin B was from Upstate (Lake Placid, NY). Fluorophore-tagged secondary antibodies were from Dianova (Hamburg, Germany) or Invitrogen (Karlsruhe, Germany). 5-N-hexadecanoyl-aminofluorescein (HAF) was purchased from Invitrogen, 5-HT, BAPTA-AM, and cyclopiazonic acid (CPA) from Sigma (Taufkirchen, Germany), 8-(4-chlorophenylthio)adenosine-3=,5=-cyclic monophosphate (8-CPT-cAMP) from Biolog Life Science Institute (Bremen, Germany), cyclosporin A, FK-506, and H-89 from Alexis Biochemicals (Lörrach, Germany), and recombinant human calcineurin B from Millipore (Schwalbach, Germany).
Luminal pH measurements. Changes in pH at the luminal surface of secretory cells were monitored in isolated salivary glands as described in detail previously (35) . In short, salivary glands were attached to the surface of a glass-bottomed perfusion chamber and a solution of 30 M HAF in physiological saline was pressure injected into the lumen. The chamber was placed on a Zeiss Axiovert 135 inverted microscope, HAF fluorescence was alternately excited at 410 nm and 470 nm provided by a monochromator (Visitron Systems, Puchheim, Germany), and emitted light of Ͼ515 nm was detected with a charge-coupled device camera (CoolSnap HQ; Photometrics, Tucson, AZ). A drop in the ratio of fluorescence excited at 470 nm and 410 nm (F 470/F410 ratio) indicated an acidification, and an increase in the F470/ F410 ratio indicated an alkalinization at the luminal surface (21, 35) . cAMP measurements. Isolated salivary glands were incubated with test reagents in physiological saline, homogenized in 5% trichloroacetic acid and 0.1 M HCl on ice, sonicated for 2 min, and centrifuged for 10 min at 4°C at 20,000 g to remove cellular debris. Subsequently, the cAMP concentration in the supernatant was determined by using a commercial immunoassay system (code K371-100; Biovision, Mountain View, CA).
Other methods. Fura-2 measurements of intracellular Ca 2ϩ changes, pelleting assays, Western blotting, and immunofluorescence microscopy were performed as described previously (36, 56, 57) .
RESULTS
Calcineurin activity is required for 5-HT-induced activation of V-ATPase. Superfusion of isolated salivary glands with 30 nM 5-HT induces a reversible acidification at the luminal surface (Fig. 1A) .We have shown previously that this luminal pH change is caused by apical V-ATPase activity (35) . To determine the role of calcineurin in V-ATPase regulation, salivary glands were treated with cyclosporin A or FK-506, specific inhibitors of this protein phosphatase (19) . Cyclosporin A and FK-506 interact with different immunophilins, cyclophilin and FKBP, respectively, and the immunophilindrug complexes then bind to and inhibit calcineurin (28) . Preincubation of salivary glands with cyclosporin A largely abolished the 5-HT-induced luminal acidification (Fig. 1B) . Similarly, the 5-HT-induced luminal acidification was strongly reduced by FK-506 (Fig. 1C) . These findings indicate that, besides PKA (36), calcineurin activity is of crucial importance for cellular signaling between 5-HT receptor molecules on the basolateral cell surface and V-ATPase activity at the apical membrane domain.
Because the regulation of V-ATPase activity occurs by the reversible assembly of V-ATPase holoenzymes, we examined whether the inhibition of calcineurin affected 5-HT-induced V-ATPase assembly. Salivary glands were stimulated with 5-HT after preincubation with cyclosporin A. Subsequently, the glands were chemically fixed, and the subcellular distribution of V O and V 1 domains was analyzed by immunolabeling of cryosections with antibodies against the V O subunit d and V 1 subunits B and C. In nonstimulated glands, subunit d was concentrated at the apical membrane, whereas V 1 components were distributed throughout the cytoplasm, but not in the nucleus (Fig. 2, A-F) . In 5-HT-stimulated glands, all VATPase components congregated at the apical membrane, indicative of assembled holoenzymes (Fig. 2, G-L) . Preincu- bation with cyclosporin A partially blocked the 5-HT-induced translocation of V 1 subunits B and C to the apical membrane. Under these conditions, staining for the V 1 subunits was enriched at the apical membrane but was also present at a lower intensity throughout the cytoplasm (Fig. 2 , M-R). Pelleting assays were performed to examine the assembly status of V-ATPase by an alternative method (Fig. 2 , S-U). As shown previously, stimulation with 5-HT induced a redistribution of V 1 components from the soluble fraction to the membrane fraction (14, 57) . Incubation with cyclosporin A alone had no significant effect on the relative distribution of V 1 subunits B and C between the pellet and supernatant. However, when cyclosporin A-treated glands were exposed to 5-HT, the 5-HTdependent redistribution of V 1 components was largely abolished. These results corroborate the conclusion that calcineurin activity is required to elicit assembly of V-ATPase holoenzymes in response to 5-HT.
5-HT-dependent activation of V-ATPase requires a rise in cytosolic Ca
2ϩ . Calcineurin is generally activated by a rise in cytosolic Ca 2ϩ concentration ([Ca 2ϩ ]). Thus, the inhibition of the 5-HT-induced intracellular Ca 2ϩ increase (56) should have a similar effect to the pharmacological inhibition of calcineurin. To test this hypothesis, salivary glands were superfused with CaCl 2 -free physiological saline and stimulated repetitively with 30 nM 5-HT, representing a saturating concentration (35) . Under these conditions, 5-HT-induced intracellular Ca 2ϩ responses gradually decreased in amplitude (Fig. 3A) . In particular, the plateau phase of the Ca 2ϩ response was diminished. Similarly, the 5-HT-induced luminal pH responses decreased in amplitude (Fig. 3C ). After reexposure to CaCl 2 -containing saline, 5-HT induced a cytosolic [Ca 2ϩ ] rise and a luminal acidification, both longer than the responses before Ca 2ϩ withdrawal. In the above experiment, 5-HT-induced Ca 2ϩ responses were not completely eliminated; Ca 2ϩ release from intracellular stores may have accounted for the remaining [Ca 2ϩ ] increase, particularly for the initial [Ca 2ϩ ] transient (54) . To reduce the 5-HT-induced [Ca 2ϩ ] rise further, salivary glands were loaded with the Ca 2ϩ buffer BAPTA in CaCl 2 -free saline (Fig. 3, B and D) . Upon superfusion with BAPTA-AM, the Ca 2ϩ signal slowly decreased as expected for cells becoming , homogenized, and separated by ultracentrifugation into a pellet fraction (P) and a cytosolic supernatant (S). The relative distribution of V1 subunits C and A (S and T) and VO subunit a (U) between the two fractions was probed by Western blot analysis. 5-HT induces an enrichment of V1 components in the pellet fraction (S and T), whereas VO component a is entirely retained within the pellet fraction under all experimental conditions. The 5-HT-induced redistribution of V1 subunits to the pellet fraction is partially blocked by cyclosporin A. Data are means Ϯ SD (n ϭ 4 -8 withdrawal.
These results demonstrate that the 5-HT-induced V-ATPase activation requires an intracellular [Ca 2ϩ ] rise. Calcineurin acts upstream of PKA in the 5-HT-induced activation of V-ATPase. We have shown previously that 5-HT induces V-ATPase assembly and activation via the cAMP/ PKA signaling pathway (14, 36) . Theoretically, Ca 2ϩ /calcineurin and the cAMP/PKA pathway could converge at any step from the 5-HT receptor to the target protein V-ATPase. Since the activation of PKA by cAMP analogs elicits the assembly and activation of V-ATPase without an increase in cytosolic [Ca 2ϩ ] (14), we consider that calcineurin acts upstream of PKA during stimulation with 5-HT. However, the possibility exists that calcineurin affects PKA or other downstream components (e.g., V-ATPase) and that basal calcineurin activity is sufficient, during exposure to cAMP analogs, for the activation of V-ATPase. To test this possibility, we reexamined the effect of 8-CPT-cAMP, a membrane-permeable cAMP analog, on V-ATPase activation in the presence of cyclosporin A. As demonstrated in Fig. 4 , preincubation of salivary glands with cyclosporin A had no visible effect on the luminal pH response elicited by 8-CPT-cAMP. Moreover, the superfusion of the salivary glands with 8-CPT-cAMP induced a translocation of V 1 components to the apical membrane irrespective of a preincubation of the glands with cyclosporin A (Fig. 5) . These results support the concept that Ca 2ϩ /calcineurin activity is required upstream of PKA.
To test this hypothesis by an alternative method, we determined the effect of cyclosporin A on the 5-HT-induced rise in cAMP concentration in the secretory cells. If Ca 2ϩ /calcineurin acts upstream of PKA in the cAMP/PKA signaling pathway, the inhibition of calcineurin activity should affect the 5-HTinduced rise in the concentration of cAMP. As shown in Fig. 6 , this was indeed the case. Superfusion of salivary glands with 30 nM 5-HT for 5 min induced an increase in the concentration of cAMP, as reported previously (23) . Preincubation with cyclosporin A significantly reduced the 5-HT-induced increase in the concentration of cAMP. We thus conclude that the (Fig. 7C ). This pH response was completely abolished when CPA was applied in CaCl 2 -free saline (Fig. 7D) . Immunofluorescence labeling showed further that CPA caused a translocation of V 1 components to the apical membrane (Fig. 8, A-L) , indicative of an assembly of VATPase holoenzymes. We thus conclude that an intracellular [Ca 2ϩ ] rise is sufficient to trigger V-ATPase assembly and activation.
Ca 2ϩ -induced V-ATPase activation is mediated by the cAMP/PKA pathway. The CPA-induced assembly and activation of V-ATPase might be a direct consequence of the Ca 2ϩ rise, unrelated to the cAMP/PKA signaling pathway, or the Ca 2ϩ rise might exert its effect on V-ATPase via cAMP/PKA. To distinguish between these possibilities, the effect of CPA on luminal pH and on V 1 subunit translocation was examined in the presence of H-89, an inhibitor of PKA activity (13) . As shown in Fig. 9A , H-89 inhibited the effect of CPA on luminal pH. Moreover, the CPA-induced translocation of V 1 components from the cytosol to the apical membrane was partially blocked by H-89 (Fig. 8, M-P) . The effect of CPA on luminal pH was also abolished by preincubation with cyclosporin A (Fig. 9B) , demonstrating that the CPA-induced luminal acidification required calcineurin activity. CPA washout of cyclosporin A-treated salivary glands produced a transient luminal alkalinization, suggesting that either basal V-ATPase activity was transiently downregulated, H ϩ influx mechanisms became activated, or base-extruding mechanisms became activated under these conditions.
Since the results of the above pharmacological experiments suggest that calcineurin and the cAMP-PKA signaling systems mediate the effect of a CPA-induced [Ca 2ϩ ] rise on V-ATPase activation, we measured the cAMP level in salivary glands exposed to CPA. As revealed in Fig. 10 , exposure to CPA led to a significant rise in the cAMP level (Fig. 10) . This finding supports a model in which a [Ca 2ϩ ] rise leads to V-ATPase activation via calcineurin, cAMP, and PKA.
Distribution of calcineurin in secretory cells.
The presence and subcellular distribution of calcineurin in the secretory cells of the blowfly salivary gland was probed with an antibody against human calcineurin subunit B. Based on the amino acid sequence, calcineurin B in Drosophila melanogaster and in other insect species has about 85% identity and 93% similarity to human calcineurin B, respectively, making it likely that polyclonal antibodies against the latter protein cross-react with insect homologs. On Western blots, the antibody identified a single band in homogenate of blowfly salivary glands (Fig. 11A) . The electrophoretic mobility of the reactive protein depended on the presence of EGTA in the sample. Without EGTA and trace amounts of Ca 2ϩ , the apparent molecular mass was 18 kDa, whereas in the presence of EGTA, the mobility was decreased, and the apparent molecular mass was 20 kDa. This behavior is characteristic for Ca 2ϩ -binding proteins, including calcineurin B (26) . Antibody binding on Western blots of blowfly salivary glands was abolished by preincubation with the antigen, demonstrating the specificity in this tissue (Fig.  11B) . When used for the immunofluorescence labeling of salivary glands, the antibody intensely stained the entire cell, excluding only the nuclei (Fig. 11, C and D) . In contrast to V 1 domain proteins (14, 36) and to the PKA catalytic subunit (47), the staining pattern was independent of stimulation with 5-HT (data not depicted). These findings demonstrate that calcineurin 1) is expressed in the salivary glands, 2) is homogeneously distributed throughout the cytoplasm of the secretory cells, and 3) does not redistribute in a substantial manner during stimulation with 5-HT.
DISCUSSION
Blowfly salivary glands have two types of 5-HT receptors: one type is coupled to the InsP 3 /Ca 2ϩ signaling pathway and the other to the cAMP/PKA signaling pathway (6) . Stimulation of salivary glands with 5-HT causes a cytosolic Ca 2ϩ elevation and a parallel rise in the cAMP concentration (23, 56) . Previous studies have suggested that the cAMP elevation is sufficient for inducing V-ATPase assembly and activation, since these can also be elicited by the application of cAMP analogs at resting free [Ca 2ϩ ] (14) . Moreover, inhibition of PKA completely prevents the stimulating effect of 5-HT on VATPase (36) . This strongly indicates that the cAMP/PKA signaling pathway is obligatory to trigger V-ATPase assembly and activation. These findings have led to our simple linear model in which the binding of 5-HT to its receptors at the basolateral membrane leads to cAMP production, PKA activation, and the phosphorylation of V-ATPase subunit C. The last-mentioned event elicits the recruitment of V 1 components 's t-test) . to the apical membrane and the assembly of functional VATPase holoenzymes (14, 36, 45) . The present findings extend this model by a further degree of complexity and suggest that the 5-HT-induced regulation of V-ATPase assembly and activity is not as straightforward as outlined above. We have found that V-ATPase activation is lower when 1) intracellular [Ca 2ϩ ] transients are abolished or 2) calcineurin activity is inhibited by cyclosporin A or FK-506. Differences in the efficiency of both drugs, as observed above, have been reported also for other tissues and may be due to different concentrations of the immunophilins cyclophilin and FKBP that bind cyclosporin A and FK-506, respectively (20) . We thus conclude that Ca 2ϩ -stimulated calcineurin activity is an additional obligatory component in the signaling pathway between 5-HT receptors at the basolateral membrane and V-ATPase assembly/activation on the apical membrane.
At which step(s) in the signaling pathways do the Ca A similar effect of calcineurin on the cAMP/PKA signaling pathway has been described in several vertebrate systems. In rat adrenal glomerulosa cells, angiotensin II potentiates, in a calcineurin-dependent manner, the stimulatory effect of adrenocorticotropin on the cAMP level (4). In cholera-toxin-treated gastric chief cells of guinea pigs, cholinergic agonists cause an augmentation of cAMP levels, and this effect can be completely prevented by calcineurin inhibitors (34) . Cholinergic agonists also potentiate, via calcineurin, the stimulating effect of secretin on cAMP accumulation in rat bile duct cells (1) . Finally, cultured mouse hippocampal neurons display Ca 2ϩ -stimulated calcineurin-dependent cAMP accumulation (12) .
To potentiate the 5-HT-induced rise in the concentration of cAMP in blowfly salivary glands, calcineurin might affect cAMP metabolism at three different sites (Fig. 12) . First, calcineurin might sensitize 5-HT reception at the level of the 5-HT receptor molecules or of receptor-interacting proteins (e.g., G protein), leading to increased cAMP production. For example, muscarinic acetylcholine receptors can be sensitized by calcineurin-mediated dephosphorylation (39) . Moreover, calcineurin has been shown to counteract the desensitization of rat 5-HT1C receptors (8) . However, our finding that a Ca 2ϩ elevation induced by CPA in the absence of 5-HT evokes a rise in the concentration of cAMP and PKA-dependent V-ATPase activation argues against the 5-HT receptor as the target of calcineurin activity in blowfly salivary glands. Second, calcineurin might reduce the rate of cAMP hydrolysis by the downregulation of cAMP phosphodiesterase (PDE) activity. In this scenario, we might expect that the inhibition of PDE activity has a similar effect as an activation of the Ca 2ϩ / calcineurin pathway. The finding that a [Ca 2ϩ ] rise without receptor activation leads to cAMP accumulation in a calcineurin-dependent manner, whereas IBMX has no effect on the cAMP level in resting glands (23), does not meet this expectation. On the contrary, evidence has been provided that a [Ca 2ϩ ] rise activates rather than inhibits PDE in blowfly salivary glands (23) . Third, calcineurin might exert its effect at the level of adenylyl cyclase, thereby promoting cAMP synthesis. Although no direct evidence exists in favor of or against this possibility, the above exclusion of possibilities 1 and 2 leaves AC as the likely target for calcineurin action.
In mammals, ACs consist of a family of at least nine membrane-bound isoforms (AC1-AC9) and a soluble isoform AC10 (51) . The various ACs differ in their mode of regulation, including their sensitivity to Ca 2ϩ . AC1 and AC8 are stimulated by Ca 2ϩ /calmodulin, whereas AC5, AC6, and AC9 are inhibited by physiological [Ca 2ϩ ] (51). In the case of AC9, the inhibitory effect of Ca 2ϩ is mediated by calcineurin (2, 33). The activation of cAMP production by calcineurin has been demonstrated for hippocampal neurons, although the molecular identity of the respective AC has not as yet been characterized (12) . Insects possess a family of transmembrane AC isoforms with similar complexity to those in mammals (11, 24, 48) . The modes of regulation of insect ACs, however, have not as yet been determined.
What is the physiological significance of the calcineurinmediated augmentation of the cAMP level and V-ATPase activation? Such a synergistic activation of a signaling system by two independent pathways is generally regarded as a mode of coincidence detection, integrating two external signals (53) . For blowfly salivary glands, such a function for calcineurin can be questioned since the same external signal, 5-HT, activates both the InsP 3 /Ca 2ϩ and the cAMP signaling pathways that then converge. We instead suppose that calcineurin-mediated augmentation of the cAMP concentration prolongs the intra- (6) . One of them is coupled via a G protein to adenylyl cyclase (AC) leading to cAMP production (23), the activation of PKA (36) , and the assembly of V-ATPase holoenzymes on the apical membrane (14, 36) . The other receptor is linked to phospholipase C (PLC), resulting in inositol 1,4,5-trisphosphate (InsP3) production (27) cellular cAMP response to 5-HT. In this respect, the temporal pattern of the 5-HT-induced elevation in the concentration of cAMP is of interest. During prolonged (Ͼ2 min) stimulation with 5-HT, the concentration of cAMP initially rises in a Ca 2ϩ -independent manner, then declines possibly because of the Ca 2ϩ -stimulated activity of PDE, and subsequently rises once more leading to a plateau phase (23) . The latter rise in the concentration of cAMP depends on Ca 2ϩ (23) and may thus result from Ca 2ϩ /calcineurin-stimulated cAMP production. Since the rise in the concentration of cAMP in the secretory cells leading to V-ATPase activation is augmented by Ca 2ϩ / calcineurin, the concentration of cAMP and V-ATPase activity might be expected to mirror the [Ca 2ϩ ] increase. Although these parameters have not been measured simultaneously in the same preparation, a comparison of the Ca 2ϩ measurements (56) and cAMP measurements (6) under comparable conditions indicates that their kinetics differ. This is even more evident in the case of the 5-HT-induced luminal acidification, which increases in a monophasic mode up to a plateau level lasting as long as the stimulus (36) . Moreover, a Ca 2ϩ increase does not lead to V-ATPase activation under all experimental conditions (Fig. 3, B and D) . The reason for this discrepancy may be the different kinetic parameters of the various enzymes in the signaling pathways, resulting in low-pass filtering (50) . Moreover, Ca 2ϩ and cAMP measurements on blowfly salivary glands are commonly bulk measurements, integrating the signal over all the cells or the entire tissue. [Ca 2ϩ ] is not homogeneous throughout the cells but changes in a complex spatiotemporal pattern (55) , influenced by various sources, viz., Ca 2ϩ release from internal stores and Ca 2ϩ influx (54, 56) . Since many components of the signaling pathways are inhomogeneously distributed and often assembled in signaling complexes (16, 52) , Ca 2ϩ -sensitive downstream events may be exposed to [Ca 2ϩ ] that differ from the "bulk" cytosolic [Ca 2ϩ ]. Finally, the different isoforms of adenylyl cyclase may contribute to cAMP production, some being Ca 2ϩ sensitive but others being Ca 2ϩ insensitive (6) .
